Abstract. Compost application to turfgrasses may contribute to accumulation of macronutrients in soil and eventually pose leaching and runoff hazards. The objectives of this study were to determine the influence of compost on soil-dissolved organic C (DOC) and accumulation of NH 4 OAc-EDTA-extractable and water-soluble nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) in St. Augustinegrass [Stenotaphrum secundatum (Walt.) Kuntze] turf. Dissolved organic C increased from 3 to 29 months after application for unamended and compost-amended soils, indicating contribution from decomposition of both compost and St. Augustinegrass residues. Dissolved organic C was 75%, 78%, and 101% greater 29 months after application of 0, 80, and 160 mgÁha -1 of compost, respectively, than before application. Dissolved organic C and macronutrients exhibited considerable seasonal variation, because DOC and EDTA-extractable P, Ca, Mg, and S increased after compost application, whereas NO 3 declined. Water-soluble K, Ca, and Mg declined, whereas P and S increased from 0 to 29 months. Similar seasonal changes in macronutrient concentrations occurred for unamended and compost-amended soil, indicating that composts, in addition to turfgrass residues, influenced DOC and macronutrient dynamics. Long-term nutrient accumulation occurred in compost-amended turfgrass, but seasonal dynamics were more related to the growth stage of turfgrass than compost. Formation of DOC-cation complexes appeared to contribute to macronutrient mobility, because decreases in DOC and nutrient concentrations occurred during turfgrass dormancy in winter and after high precipitation levels, indicating the potential for leaching of DOC-associated nutrients from soil.
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Considerable research has been conducted on the fate of nutrients in compostamended agricultural soils, but minimal information is available on the use of turfgrass for compost application and subsequent effects on soil organic matter and nutrient dynamics. Problems commonly associated with land compost application include nutrient accumulation in soil, leaching, and runoff. The long-term cycling of nutrients in compost-amended soils is dependent on compost quantity and quality in addition to environmental factors such as soil properties, vegetation patterns, and precipitation (McDowell, 2003) . Ultimately, organic matter and soil-dissolved organic C (DOC) influence nutrient dynamics in soil through adsorption and complexation of nutrients, which impacts their bioavailability (Chantigny, 2003) .
Compost application to soils often induces increases in soil organic matter and DOC for years (Chantigny et al., 2002; Chantigny, 2003) , however, if wastes are rapidly decomposed in soil, DOC quickly returns to background levels (Franchini et al., 2001) . Seasonal dynamics of DOC are related to the growth stages of plants and decomposition of soil organic matter and compost (Chantigny, 2003) and the decomposition byproducts of root exudates and microbial metabolites (Marschner and Kalbitz, 2003) . Dissolved organic matter is often considered refractory but mobile in soils (Qualls and Haines, 1992) . Accumulation of nutrients in compost-amended soils may pose environmental hazards, because compost decomposition increases dissolved organic matter, which complexes nutrients (Ashworth and Alloway, 2004; Kaschl et al., 2002) . Dissolved organic matter may also coat soil particle surfaces, reducing their ability to bind nutrient cations and enhancing their mobility in soils (McCracken et al., 2002; Qualls and Haines, 1992) .
Although total soil nutrient levels increase after compost addition, the production and accumulation of available nutrients depends on the decomposition of compost and native soil organic matter. Thus, measurement of nutrient availability indicates the extent of compost decomposition and nutrient adsorption to soil. Different soil extraction methods may be related to the degree of nutrient availability (Van Raij, 1994) . The use of acidified NH 4 OAc-EDTA for extraction of plant-available macronutrients is used for a wide variety of soils (Hons et al., 1990) , whereas water-soluble nutrients represent the most readily bioavailable chemical form (Linehan et al., 1985; Seguin et al., 2004) . The NH 4 OAc-EDTA extracts exchangeable or adsorbed cations from soil colloids, organic matter, and other labile pools, whereas water extracts nutrients free in solution and those weakly associated with dissolved organic matter.
Turfgrasses are intensively managed and capable of sequestering large amounts of nutrients (Vietor et al., 2002) , but research pertaining to compost effects on DOC and macronutrient dynamics is needed. The fate of compost and impacts on nutrient accumulation in turfgrass soils could be assessed by measuring seasonal changes in soil properties and macronutrient concentrations after compost application. A study was initiated to determine impacts of compost source and application rate on the accumulation and availability of DOC and EDTA-extractable and water-soluble macronutrients in St. Augustinegrass turf. Soil sampling and analysis. Five soil cores (2.5-cm diameter) were taken from each plot to a depth of 15 cm and composited. Samples were taken in July 2001 before compost application and in Oct. 2001 , Mar. 2002 , June 2002 , Nov. 2002 , June 2003 , and Dec. 2003 , and 29 months after application of compost and St. Augustinegrass establishment.
Materials and Methods

Site
Soil was dried at 65°C and passed through a 2-mm sieve. Subsamples were extracted with water (1:2 soil:water) by stirring for 30 min followed by measurement of pH (Schofield and Taylor, 1955) and electrical conductivity (EC) (Rhoades, 1982) . Nitrate was extracted with 2.0 M KCl and analyzed by cadmium reduction (Dorich and Nelson, 1984) . Soil organic C was measured by automated dry combustion using an Elementar VarioMax CN analyzer (Elementar Americas, Mt. Laurel, NJ). For DOC measurement, 7 g of soil was shaken with 28 mL of distilled water for 1 h followed by centrifugation and filtration through 0.45-mm filters (Wright et al., 2005) . Extracts were analyzed for DOC by persulfate oxidation using a Model 700 Total Organic Carbon Analyzer (O.I. Analytical, College Station, TX) and for water-extractable phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) by ICP-AES (Spectro Analytical Instruments, Marlborough, MA). Exchangeable or plant-available P, K, Ca, Mg, and S was extracted with acidified NH 4 OAc-EDTA (Hons et al., 1990 ) and analyzed by ICP-AES (Franson, 1989) . Total monthly precipitation during the 29 months after compost application is presented in Figure 1 as well as the active growth and dormant periods of St. Augustinegrass. Soil sampling events encompassed both the growing season and dormant periods in addition to before and after rainfall events.
Nutrient concentrations and soil properties were analyzed using a completely randomized experimental design. Data were analyzed with CoStat (CoStat Statistical Software, 2003) and analysis of variance was used to determine significant differences among compost source, application rate, and sampling time. Few differences in soil properties were observed between compost sources, so data were averaged for presentation in figures. Separation of means was accomplished using the least significant difference, and Pearson's correlation coefficients were determined at P < 0.05.
Results and Discussion
Soil pH and electrical conductivity. Soil pH did not vary between compost application rates but was significantly higher for unamended (7.9) than composted-amended soil (7.7) from 8 to 29 months (Fig. 2) . In fact, composts tended to buffer the soil to changes in pH. Turfgrass was irrigated to aid in establishment and during periods of drought, and salts in irrigation water may have been responsible for soil pH increases after compost application. Moreover, addition of composts can cause adsorption of dissolved organic matter to soil particle surfaces or coat soil particles (Kalbitz et al., 2000) , reducing the number of exchange sites capable of reacting with cations from irrigation water, which may explain the lower pH for compost-amended than unamended soil.
Soil EC was unaffected by application rate and was in fact significantly higher for unamended than compost-amended soil (Fig.  2) . Thus, composts did not contribute to soil EC, and in fact tended to alleviate impacts of soluble salts. Soil EC exhibited considerable seasonal variation related to precipitation patterns, because soluble salts responsible for the increasing trend from 0 to 29 months leached from the soil surface after high precipitation at 16 months. Decreases in soil EC occurred during turfgrass dormant periods when irrigation was not provided.
Dissolved organic C. For unamended and compost-amended soils, DOC significantly increased up to 11 months after application, but declined at 16 months and then increased to 29 months (Fig. 2) . Because no compost was added to unamended soil, the increases in DOC were attributed to C contribution from St. Augustinegrass roots and residues or from decomposition of residues generated during prior land use. Composts applied at 160 mgÁha -1 had 11% significantly higher DOC than at 80 mgÁha -1 and 12% higher DOC than unamended soil.
Dissolved organic C exhibited cyclical seasonal patterns after compost application as evidenced by lower concentrations during the winter sampling at 16 months. Dissolved organic C was significantly lower for all compost treatments and unamended soil at 16 than at 11 and 23 months, suggesting that the decline was not related to compost but rather reduced St. Augustinegrass growth during winter dormancy, lower microbial activity resulting from lower temperature during winter, and decreased organic matter decomposition rates. Turfgrass growth is more vigorous from late spring to summer with a dormant period from late autumn to winter (Trenholm et al., 2000) . Turfgrasses often produce high levels of belowground biomass (Trenholm et al., 2000) , which increase soil organic C and DOC levels. Because St. Augustinegrass production levels are lower in cooler than warmer months, a lower contribution of turfgrass residues likely led to lower DOC at 16 months. Dissolved organic matter from compost added to sandy soils leached from the root zone within 1 year (Kaschl et al., 2002) . Thus, seasonal changes in DOC in our study may have resulted not only from decomposition of compost, but also from decomposition of native soil organic matter and St. Augustinegrass residues.
Nitrate. Extractable NO 3 exhibited no treatment effects and averaged 22 mgÁNÁkg -1 before compost application, but levels significantly declined by 3 months to an average of 6 mgÁNÁkg -1 , and concentrations remained at this level throughout the study (data not shown). Soil NO 3 levels are often low in turfgrass soils as a result of plant uptake and immobilization (Hadas et al., 1996) and by leaching from the soil surface (Johnson et al., 1995) . Because the growth of turfgrass generally requires considerable quantities of N (Trenholm et al., 2000) , N mineralized from composts was likely rapidly assimilated by St. Augustinegrass resulting in low NO 3 levels for both compost-amended and unamended soil.
Phosphorus. EDTA-extractable P increased by 11 months for compost-amended soil, but did not increase from 11 to 29 months (Fig. 3) . Phosphorus concentrations did not change from 0 to 29 months for unamended soil and averaged 200 mgÁkg -1
. EDTA-extractable P at 160 mgÁha -1 was 33% and 82% higher than at 80 mgÁha -1 and for unamended soil. Similar to DOC and other macronutrients, P exhibited seasonal fluctuations and significantly declined during winter dormancy at 16 months. The decline at 16 months was more pronounced at the highest application rate, but also occurred for unamended soil; thus, composts were not the main factor influencing seasonal fluctuations. Likely, the growth stages of turfgrass, in addition to precipitation, controlled seasonal P variability.
Similar to EDTA-extractable P, unamended soil had significantly lower waterextractable P than compost-amended soil. However, seasonal variation in water-extractable P differed from EDTA-extractable P. Although maximum EDTA-extractable levels were obtained at 11 months, waterextractable P reached maximum levels at 23 months. Furthermore, although EDTAextractable P did not change from 0 to 29 months for unamended soil, water-extractable P increased during this timeframe. Composts had a greater effect on EDTAextractable than water-extractable P. EDTAextractable P was significantly higher than water-extractable P throughout 29 months, and effects of application rate were greater for EDTA-extractable P. Thus, increases in P concentrations after compost application may enhance the potential for P runoff. Dissolved organic C was significantly correlated with EDTA-extractable P (r = 0.70) and water-extractable P (r = 0.92). EDTAextractable P was also significantly related to EDTA-extractable Ca (r = 0.81) and Mg (r = 0.94).
Potassium. Both EDTA-and waterextractable K were influenced by compost application rate (Fig. 3) . Compost application increased EDTA-extractable K by 3 months, and levels did not change until 11 months, when K declined to background levels. Meanwhile, water-extractable K levels decreased after compost application and for unamended soil, suggesting turfgrass-mediated seasonal changes. EDTA-extractable K at 160 mgÁha -1 was 23% and 53% higher than 80 mgÁha -1 and unamended soil, and for water-extractable K, it was 21% and 36% higher than 80 mgÁha -1 and unamended soil. Both EDTA-extractable and water-extractable K exhibited significant declines at 16 months relative to proximal sampling times for both compost-amended and unamended soil, which, similar to DOC, indicated potential leaching losses of K occurred after high precipitation levels. In contrast to P, EDTAand water-extractable K were not correlated with DOC.
Calcium. Similar to EDTA-extractable P, EDTA-extractable Ca generally increased from 0 to 29 months after compost application with a significant decline at 16 months (Fig. 4) . EDTA-extractable Ca was 46% and 15% higher at 29 months than before application for 160 and 80 mgÁha -1 , respectively, whereas Ca for unamended soil did not increase by 29 months. In contrast to EDTA-extractable Ca, water-extractable Ca significantly decreased by 3 months, then increased to 29 months, and was 57% and 38% higher at 29 than 3 months for 160 and 80 mgÁha -1
. EDTA-extractable Ca concentrations were significantly highest at 160 mgÁha -1 , being 16% higher than 80 mgÁha -1 and 28% higher than unamended soil. For water-extractable Ca, however, no differences between application rates were observed. Whereas EDTA-extractable Ca was significantly correlated with DOC (r = 0.56), waterextractable Ca was not.
Magnesium. Trends in Mg were similar to Ca for both EDTA and water extractions. Increasing the compost application rate increased EDTA-but not water-extractable Mg (Fig. 4) . EDTA-extractable Mg at 160 mgÁha -1 was 19% and 49% greater than 80 mgÁha -1 and unamended soil and increased from 0 to 29 months with the characteristic significant decline at 16 and 29 months during winter dormancy. EDTA-extractable Mg at 29 months was 48% and 15% greater than before application for 160 and 80 mgÁha -1 , respectively. In contrast to EDTA-extractable Mg, water-extractable Mg decreased rapidly after compost application and for unamended soil by 3 months, and levels averaged 15 mgÁkg -1 from 3 to 29 months. Irrigation during turfgrass establishment may have leached water-soluble nutrients from soil, which explains decreases in water-extractable Ca and Mg by 3 months after compost application. EDTA-extractable Mg was significantly related to DOC (r = 0.65), but no relationships existed between water-extractable Mg and DOC.
Sulfur. Both EDTA-extractable and water-extractable S were highest at 160 mgÁha -1 , being 21% and 33% greater than 80 mgÁha -1 and unamended soil (Fig. 5) . In contrast to water-extractable K, Ca, and Mg, but similar to water-extractable P, waterextractable S increased from 0 to 29 months for compost-amended and unamended soil. EDTA-extractable S was 98%, 69%, and 34% greater at 29 months than before compost application for 160 mgÁha Soil-dissolved organic C and turfgrass impacts on macronutrients. Potential hazards associated with compost application to soils include the accumulation of nutrients and resulting leaching losses. Although considerable seasonal variation in macronutrient concentrations existed, EDTA-extractable P, Ca, Mg, and S showed increasing trends after compost application, whereas NO 3 and EDTA-extractable K decreased after application. For water-extractable nutrients, P and S increased, but all others showed significant declining trends that did not follow DOC trends. Phosphorus accumulation in soils often occurs after organic amendment addition and may ultimately pose a leaching hazard (Korboulesky et al., 2002) . However, similar trends in nutrient concentrations after compost application occurred for both compost-amended and unamended soils, suggesting that composts were not entirely responsible, but rather served to increase the magnitude of the macronutrient response to seasonal changes.
Both turfgrass and compost decomposition were responsible for DOC increases from 0 to 29 months, because similar trends occurred for unamended and compostamended soil. Dissolved organic matter often complexes nutrient cations, which increases their solubility and potential movement through soils (Stevenson and Cole, 1999) . Elevated macronutrient concentrations were observed after prolonged dry periods, whereas concentrations were generally lowest after periods of high precipitation levels, indicating that complexation of nutrient cations by dissolved organic matter and subsequent vertical movement in soil after precipitation events explained seasonal nutrient fluctuations in St. Augustinegrass turf. Dissolved organic C and EDTA-extractable P, Ca, Mg, and S exhibited similar seasonal trends, including a general increase over time and a significant decrease at 16 months, suggesting leaching losses of DOC-associated nutrients were incited by high precipitation levels during winter. High precipitation levels preceding other sampling times did not result in losses of these nutrients, because these events occurred during the growing season when nutrients were assimilated by St. Augustinegrass. Thus, potential leaching losses of DOC-associated macronutrients may occur most readily during turfgrass dormancy and at high precipitation levels.
Nutrient cations are seldom present in soil solution at high concentrations as a result of adsorption to soil particle surfaces and organic matter (Stevenson and Cole, 1999) . Therefore, soluble nutrients are more apt to 2leach than EDTA-extractable nutrients, which are generally associated with soil colloids and particle surfaces (Cancela et al., 2002; Stevenson and Cole, 1999) . Hence, EDTA extracts had significantly higher nutrient concentrations than water extracts . Compost incorporation into soil likely increases compost decomposition compared with surface application; thus, concentrations and availability of nutrients may be higher after compost incorporation. Thus, application method may also affect the fate of nutrients in compostamended soil.
Soil pH appeared to have more influence on water-extractable than EDTA-extractable macronutrients, because pH was significantly negatively related to water-extractable K (r = -0.44), Ca (r = -0.69), and Mg (r = -0.56), but not to EDTA-extractable macronutrients. Sorption of DOC and formation of DOCcation complexes may be pH-dependent (Temminghoff et al., 1997) . As soil pH increases above neutrality, DOC sorption to soil becomes weaker and potential for formation of DOC-cation complexes increases (Romkens et al., 1996) . For the high pH soil of this study, compost likely promoted the formation of DOC-cation complexes, subsequently increasing macronutrient mobility.
In summary, composts increased most EDTA-extractable macronutrient levels in soil. By 29 months after compost application, EDTA-extractable P, Ca, Mg, and S accumulated in surface soil, whereas NO 3 rapidly decreased to below background levels. Potassium levels initially increased but decreased to background levels by 16 months. Waterextractable P and S also increased after compost application. Significantly higher levels of EDTA-than water-extractable nutrients indicate considerable quantities of nutrients are absorbed to soil particles or complexed by organic matter and thus may pose leaching and runoff hazards. Similar trends in macronutrient concentrations were observed for both compost-amended and unamended soils, indicating that seasonal variation was more directly related to the growth stages of St. Augustinegrass, and subsequent effects on DOC, than compost application. In fact, compost application only increased macronutrient concentrations but 
